Bile salts such as sodium taurocholate (NaTC) are routinely used to induce the excystation of Cryptosporidium oocysts. Here we show that NaTC significantly enhanced the invasion of several cultured cell lines by freshly excysted Cryptosporidium parvum and Cryptosporidium hominis sporozoites. A variety of purified bile salts or total bile from bovine also enhanced the invasion of cultured cells by C. parvum. Further studies demonstrated that NaTC increased protein secretion and gliding motility of sporozoites, the key processes for successful invasion. These observations may lead to improved Cryptosporidium infectivity of cultured cells and help future studies on the host-parasite interaction.
As members of the phylum Apicomplexa, the enteric protozoa Cryptosporidium species share a common apical secreting apparatus that mediates locomotion during cellular invasion (5, 21) . Cryptosporidium hominis and Cryptosporidium parvum, whose genomes were sequenced recently (1, 28) , are the species most frequently linked with human cryptosporidiosis (21, 27) . Infection begins with the oral uptake of Cryptosporidium oocysts, the environmentally resistant form, which then pass through the acidic stomach before entering the small intestine, where they presumably excyst. Although the molecular and biochemical mechanisms involved in excystation are poorly understood, it is believed that host environmental factors, such as temperature, pH, proteases, bile salts, and possibly other unknown factors, trigger the excystation of ingested oocysts (19) . The newly excysted sporozoites secrete adhesive molecules and other signaling proteins which have been demonstrated to play a key role in the initial attachment and cellular invasion (4, 6) .
The in vitro cell culture system, while limited to the asexual phase, has been a useful tool for investigating early parasite attachment and invasion and has been applied to measure Cryptosporidium infectivity and for screening of compounds for inhibitory activity (3, 17) . Several cell lines, including human ileocecal adenocarcinoma (HCT-8), human colonic adenocarcinoma (Caco-2), and Madin-Darby bovine kidney (MDBK) cell lines, are widely used for Cryptosporidium in vitro studies (12, 22) . To initiate in vitro infection, purified Cryptosporidium oocysts are often treated with sodium hypochlorite either alone or followed by sodium taurocholate (NaTC)-trypsin treatment before infecting cell monolayers. Several publications have dealt with assessment of the conditions and materials for optimal oocyst excystation and tissue culture infection by the excysted sporozoites (15, 16, 23, 24) . Upton et al. (24) investigated the optimization of infection of oocysts treated with bleach without prior excystation. Gold et al. showed that the presence of NaTC in the culture medium enhanced infection when oocysts were directly added to cell culture monolayers (11) . However, the nature of this enhancement was not fully investigated, and it was assumed that the NaTC facilitated the excystation of oocysts in the culture medium (11) . In this study, we have investigated the impact of NaTC and some other bile salts on the invasiveness of freshly excysted sporozoites. We have shown that NaTC treatment increases the secretion of organelles and the gliding motility of sporozoites, thus facilitating their initial attachment and invasion of cells. These observations should lead to improved efficiency of infectivity of cells, as well as shed light on the nature of the host-pathogen interaction.
MATERIALS AND METHODS
Cell lines. The human ileocecal adenocarcinoma HCT-8 cell line (ATCC CCL-224), human colonic adenocarcinoma Caco-2 cell line (ATCC HTB-37), and MDBK cells (ATCC CCL-22) were maintained in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum, 2 mM L-glutamine, 100 U/ml penicillin G, and 50 g/ml streptomycin sulfate. Cells were transferred to six-well plates and grown to 80% confluent monolayers in a 5% CO 2 humidified incubator prior to infection.
Parasites and infection. The Iowa isolate of C. parvum was purchased from Bunch Grass Farm, Deary, Ind. C. hominis TU502 (2) and C. parvum MD isolates were propagated at our laboratory. For excystation, oocysts were treated with 10% sodium hypochlorite for 7 min on ice. After two washes, oocysts were suspended in phosphate-buffered saline (PBS) with 0.8% NaTC and incubated at 37°C for 30 min. The sporozoites from oocysts with an excystation rate of Ͼ80% were used for infection. Approximate 10 6 excysted oocysts were added to monolayers on six-well plates. An equal number of heat-killed parasites, generated by incubating excysted oocysts at 65°C for 30 min, was added to cells as a mock infection. Bile salts sodium glycochenodeoxycholate, glycocholic acid hydrate, sodium glycocholic, sodium taurochenodeoxycholate, sodium taurodeoxycholate, NaTC, and sodium deoxycholate and total bile from bovine were purchased from Sigma (St. Louis, MO). Bile salts were freshly dissolved in PBS and added to cells immediately.
CFSE labeling. Oocysts were suspended in 0.8% sodium taurocholate in PBS and incubated at 37°C for 15 min and then for another 15 min in 10 M of carboxyfluorescein diacetate succinimidyl esters (CFSE; Invitrogen, Carlsbad, CA). Sporozoites were washed three times with ice-cold PBS prior to inoculation.
Flow cytometry. A flow cytometry assay was performed using a FACSCalibur apparatus, and the data were analyzed with CellQuest software (BD Biosciences, Mountain View, CA). HCT-8 or MDBK monolayers were infected with freshly excysted sporozoites for the indicated times. The same number of heat-killed parasites was added to cells as a mock infection. Cells were detached by treating them with 0.05% trypsin and 0.02% EDTA solution (Invitrogen) at 37°C in the CO 2 incubator for 5 to 10 min. Cells were collected, washed twice with PBS, and fixed with 4% formaldehyde in PBS for 20 min before analysis by flow cytometry.
SDS-PAGE, silver staining, and immunoblotting.
The methods for immunoblotting and silver staining have been described previously (9, 10) . Briefly, the supernatants and pellets of sporozoites were boiled for 10 min in 1ϫ NuPage LDS sample buffer (Invitrogen) before loading onto a gradient (4-to-20%) sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel (BioRad, Hercules, CA). After electrophoresis, the gels were silver stained using the SilverQuest staining kit (Invitrogen) according to the manufacturer's instructions. For immunoblotting, Cryptosporidium-specific rabbit serum (generated in our laboratory) and horseradish peroxidase-conjugated anti-rabbit immunoglobulin G (IgG) (Amersham Biosciences, Piscataway, NJ) were used as the primary and secondary antibodies, respectively, and the results were visualized in an enhanced chemiluminescence assay (Amersham Biosciences).
Gliding motility. C. parvum Iowa oocysts were excysted and passed through a 2-m filter to remove unexcysted oocysts or empty shells. Filtration recovered up to 85% to 90% pure sporozoites. After centrifugation, the sporozoites were suspended in either PBS or PBS containing 0.05% NaTC and then dropped (10 l) on a poly-L-lysine-coated slide. The slides were incubated in a 37°C humidified incubator for 8 min before fixation with 4% paraformaldehyde. The gliding trails were visualized under an epifluorescence microscope after staining with anti-C. parvum monoclonal antibody (MAb 4C1; mouse IgM isotype; generated in our laboratory) as the primary antibody and AlexaFluor 488-labeled antimouse IgM (Molecular Probes, Oregon) as the secondary antibody. Approximately 10 to 15 high-power fields (100ϫ) were randomly selected to count total sporozoites and sporozoites with gliding trails.
RESULTS
NaTC enhances the initial invasion of cultured cells by C. parvum or C. hominis. In order to test whether NaTC enhances the initial invasion of C. parvum, newly excysted sporozoites from the C. parvum Iowa isolate were labeled with CFSE and added to MDBK monolayers with or without NaTC in the medium. CFSE labeling does not appear to affect infectivity of Cryptosporidium (unpublished data). After 2 h of incubation, 29% of cells became CFSE positive in live sporozoites, while only about 6% of cells appeared to be CFSE positive in the mock infection (Fig. 1A) . Thus, ϳ23% more MDBK cells were associated with invasion by C. parvum sporozoites in the absence of NaTC. The presence of 0.16% NaTC in the medium during the infection nearly doubled the percentage of cell invasion by the parasite (44% versus 23%) (Fig. 1A) . The enhancement of infection by NaTC was dose dependent, since a decrease in NaTC concentration reduced the percentage of CFSE-positive cells, with 52%, 47%, and 42% cell invasion with 0.08%, 0.04%, and 0.02% NaTC, respectively (Fig. 1A) . The presence of NaTC in the medium did not impact the degree of parasite binding to cells, as shown in mock infections (Fig. 1A) , suggesting that NaTC enhanced the parasite invasion. Epifluorescence microscopy analysis also showed similar findings (data not shown). The presence of NaTC for 2 h in the culture medium did not cause noticeable cell death as determined by trypan blue exclusion and a thiazolyl blue tetrazolium bromide assay (data not shown).
To determine whether NaTC also enhances parasite invasion of other cell lines by C. parvum, HCT-8 and Caco-2 cells were infected with freshly excysted sporozoites with or without NaTC in the medium. NaTC significantly increased sporozoite invasion of both cell lines by C. parvum. The percentages of CFSE-positive HCT-8 or Caco-2 cells were 66% or 54%, respectively, when NaTC was present in the medium during the infection, while only 36% or 28% of cells were CFSE positive in the absence of NaTC (Fig. 1B) . These data indicated that the enhancement of invasion was not cell line specific.
We next examined whether NaTC enhanced the invasion of cells by other isolates of C. parvum or C. hominis. The presence of NaTC in the medium during the infection significantly increased the infection rate (P Ͻ 0.01) for all three isolates compared with the same isolates in the absence of NaTC (Fig.  2A) . The infection rate for C. hominis TU502 was significantly lower than for C. parvum isolates ( Fig. 2A) , which is consistent with our earlier observations (unpublished data). Kinetic studies showed that NaTC enhanced parasite invasion within 30 min of inoculation and up to at least 2 h thereafter (Fig. 2B) . The ratio of increased infectivity within 30 min of inoculation was significantly higher than after 2 h, with values of 2.1 versus 1.7, respectively (P ϭ 0.02) (Fig. 2C ). The differences in the ratios of increased infectivity were not significant between 30 min and 1 h after inoculation, nor between 1 h and 2 h of infection. These results indicate that NaTC is more effective in enhancing infectivity during the early phase of infection.
NaTC treatment increases sporozoite secretion of soluble proteins. A successful invasion of host cells by Cryptosporidium involves an effective signaling and interaction with the host cell. To determine whether NaTC enhances parasite invasion through modifying host cell function, HCT-8 cells were treated with NaTC for 30 min prior to infection. NaTC pretreatment of cells did not alter the degree of parasite invasion of HCT-8 monolayers (Fig. 3) , suggesting that NaTC treatment enhances the invasiveness of parasites. To explore possible mechanisms, freshly excysted Iowa sporozoites were incubated at 37°C for 30 min with or without NaTC. After centrifugation, the total proteins in the supernatants and pellets were resolved using SDS-PAGE. Silver staining and immunoblotting analysis showed that the total proteins from sporozoites incubated at 37°C were higher in the supernatant but lower in the pellets than those incubated at 4°C (Fig. 4A and B) , suggesting that the higher temperature enhanced protein secretion from sporozoites. This result is consistent with a previous report that an increase in incubation temperature induces C. parvum apical organelle discharge (6) . In the presence of NaTC (lane 2), the total soluble proteins in the supernatant were higher than without NaTC (lane 3), as revealed by both silver staining and immunoblotting ( Fig. 4A and B) . As expected, there was less total pellet proteins in lane 5 compared to lane 6 ( Fig. 4A and B). These results indicated that NaTC enhanced the protein secretion by sporozoites. Protein secretion or discharge from apical organelles of C. parvum or other Apicomplexa parasites has been shown to play a key role in initiating invasion (6, 18) .
Therefore, NaTC may enhance invasiveness of C. parvum in part through enhancing protein secretion. NaTC enhances the gliding motility of C. parvum sporozoites. Gliding motility is a prerequisite for the invasive stage of most Apicomplexa (18, 20) and is associated with apical organelle discharge of C. parvum (6) . We next investigated whether NaTC enhanced the gliding motility of C. parvum sporozoites. Newly excysted sporozoites were separated from unexcysted oocysts and empty oocyst shells by filtration. The gliding trails of immunofluorescent-labeled sporozoites on glass slides were visualized under a fluorescence microscope. In 10 high-power fields randomly picked, 147 of 239 (62%) sporozoites counted showed gliding trails when NaTC was present during the incubation, compared with only 19 of 104 (18%) sporozoites showing trails in the absence of NaTC.
Various components from bile salts also enhance invasion of cells by C. parvum. C. parvum or C. hominis excystation and intestinal infection occur in an environment rich in a variety of bile salts, including NaTC. To test whether other components of bile salts also enhance the invasion, HCT-8 cells were infected with C. parvum sporozoites in the presence of several components of bile acids. All tested bile salts enhanced the invasion of C. parvum to various degrees (Fig. 5) . The enhancement was dose dependent, with higher doses yielding greater enhancement (Fig. 5) . In general, the tauro conjugates had a greater ability to enhance invasion than glyco conjugates at similar concentrations (Fig. 5) . Unconjugated bile acids, such as sodium deoxycholate, also enhanced invasion of HCT-8 cells by C. parvum (data not shown).
DISCUSSION
Although Cryptosporidium growth in cell culture is limited to the asexual phase, the system has been useful for evaluating FIG. 3 . Pretreatment of cells with NaTC does not enhance sporozoite invasion. HCT-8 cells were untreated (graphs 1, 2, and 3) or treated with 0.05% NaTC (graphs 4 and 5) for 30 min, after which the medium was either replaced (5) or not (4) with fresh medium. Cells were inoculated with either heat-killed (HK) (1) or live sporozoites (2 to 5). In group 3, 0.05% NaTC was added together with parasites. Cells were harvested after 2 h of incubation, and the percentages of CFSEpositive cells were quantitated by fluorescence-activated cell sorter analysis. The differences between cells with and without NaTC pretreatment are not significant. Data reflect the representative results from three experiments .   FIG. 4 . NaTC increases the protein secretion of newly excysted sporozoites. Newly excysted sporozoites were incubated on ice (lanes 1 and 4) or at 37°C with (lanes 2 and 5) or without (lanes 3 and 6) NaTC (0.05%) for 30 min. Proteins in supernatants (lanes 1, 2, and 3) and sporozoite pellets (lanes 4, 5, and 6) were resolved by SDS-PAGE followed by silver staining (A) or immunoblotting (B) using Cryptosporidium-specific rabbit polyclonal antibody. on January 20, 2018 by guest http://iai.asm.org/ drug therapies against the pathogen and for investigating hostparasite interactions (3, 17) . Due to the low infectivity of C. parvum to cultured cells, many attempts have been made to improve infectivity, including optimization of conditions for excystation (11, 15, 16, 23, 24) , improvement of nutrients in culture medium (14, 23) , and other methods, such as centrifugation (26) . In this investigation, we have demonstrated that the presence of NaTC or other bile salts, which are normally excreted in the gut during parasite infection, significantly enhanced the initial invasion of cultured cells by C. parvum and C. hominis. The transient or continuous presence of a low dose of NaTC did not affect the cell viability of HCT-8 or MDBK cells (data not shown) but enhanced the infectivity of C. parvum and C. hominis. The mechanism by which bile salts enhanced the initial invasion of C. parvum is not fully understood. However, the effect of NaTC does not appear to be on the host cell but rather on the parasite by modifying its secretory pathway and gliding motility. The genus Cryptosporidium belongs to the phylum Apicomplexa, a group which shares a common apical secretory apparatus mediating locomotion and tissue or cellular invasion (21) . The apical organelle discharge is likely essential for Cryptosporidium to initiate invasion (6) . We have shown that the presence of NaTC in the solution containing freshly excysted sporozoites increased the soluble protein content, which may be due to enhanced apical organelle discharge. Apical organelle discharge of C. parvum is calcium dependent (6) , and the induction of calcium signaling by bile salts has been well-documented in mammalian cells (7, 13, 25) . Whether or not bile salts induce calcium signaling in C. parvum or other Apicomplexa remains to be determined. The apical organelle discharge of C. parvum sporozoites also affects the gliding motility (6), which is essential for the initial invasion stage of many Apicomplexa (18, 20) . The presence of NaTC or other bile salts during inoculation increased the protein secretion and gliding motility of sporozoites, which presumably enhanced the rate of cell invasion.
We have found that NaTC enhanced the invasiveness of newly excysted sporozoites of all Cryptosporidium species tested, which is not surprising given how closely C. parvum and C. hominis are. We have also confirmed here an earlier observation that C. hominis has a much slower rate of infection and infectivity of cultured cells than C. parvum (8; unpublished data). We believe these observations should lead to improving in vitro cultivation by utilizing NaTC and other bile salts.
